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ABSTRACT 



We have studied the influence of X-rays from a massive 
young steflar object (YSO) on the chemistry of its own 
envelope by extending the models of Doty et al. (2002) 
and Stauber et al. (2004a). The models are applied to 
the massive star-forming region AFGL 2591 for different 
X-ray luminosities and plasma temperatures. Enhanced 
column densities for several species are predicted. In ad- 
dition we present first detections of CO+ and SO+ to- 
ward AFGL 2591. These molecular ions are believed to 
be high-energy tracers. Herschel-HIFI will be able to ob- 
serve other tracers like CH and CH+ whereas ALMA is 
well suited to measure the size and geometry of the emit- 
ting region. 



1. INTRODUCTION 



Observational studies of star-forming regions show that 
young stellar objects (YSOs) are very strong X-ray emit- 
ters. Typical X-ray luminosities range from approxi- 
mately 10^^ to lO'^'^ergs^^ with temperatures between 
10'5-lO^K (e.g., Feigelson & Montmerle 1996; Beuther 
et al. 2002). In the earliest stage of evolution, the proto- 
star is still deeply embedded in its natal molecular cloud 
(Ay > 100 mag). As a consequence. X-rays are not di- 
rectly observable toward very young objects and the onset 
of the high energy radiation remains a secret to this day. 
Molecular gas exposed to X-rays forms an X-ray dissoci- 
ation region (XDR) with a peculiar chemistry and phys- 
ical structure (e.g., Krolik & Kallman 1983; Maloney et 
al. 1996). Nearly all XDR models, however, concentrate 
on the impact of X-rays on molecular clouds or on the 
surroundings of active galactic nuclei (AGNs). To study 
the influence of X-rays on the chemistry in dense YSO 
envelopes and find molecular tracers for high energetic 
photons, we have extended the chemical models of Doty 
et al. (2002) and Stauber et al. (2004a). To compare our 
model calculations to observations we have carried out 
a single-dish survey of molecular ions (CO+, SO+) and 
radicals (CN, NO) toward both low-mass and high-mass 
star-forming regions. The challenge is, however, to dis- 
tinguish between UV tracers (see Stauber et al. 2004a) 



and X-ray tracers, since both kinds of high-energy radia- 
tion tend to form ions and radicals. 



2. CHEMICAL X-RAY MODEL 



The chemical model is based on the detailed thermal and 
gas-phase chemistry models of Doty et al. (2002), includ- 
ing UV radiation from the in- or outside (Stauber et al. 
2004a). The model assumes a given temperature and den- 
sity distribution and calculates the time-dependent chem- 
istry at a certain distance from the central source. For the 
chemical X-ray network we follow Maloney et al. (1996) 
and Yan (1997). It contains direct X-ray ionization and 
dissociation of atomic and molecular species and X-ray 
induced reactions caused by electron impact. The main 
reactions of the electrons are the ionization and dissocia- 
tion of H2 and the excitation of H, He and H2. The elec- 
tronically excited states of H, He and H2 decay back to 
the ground states by emitting UV photons. The internally 
generated ultraviolet photons can photoionize and pho- 
todissociate other species in the gas. These secondary 
processes are far more important for the chemical net- 
work than the primary interaction of the X-rays with the 
gas, making it more difficult to distinguish X-ray and UV- 
induced processes. 

We have applied our model to the massive star-forming 
region AFGL 2591 and adopt the temperature and power- 
law density distribution proposed by van der Tak et al. 
(1999) and Doty et al. (2002). The most important pa- 
rameter in the chemistry and physics of XDRs is Ry^jn, 
the local X-ray energy deposition rate per particle (Mal- 
oney et al. 1996). Since the heating rate is ~ proportional 
to this ratio, we can estimate its importance for the 
gas temperature. Our first radial point of interest is at 
~ 200 AU from the central source where the density is 
already fairly high (n ^ 10^) but iJx is low due to ab- 
sorption and geometric dilution. We can therefore neglect 
additional heating of the gas through X-rays and assume 
2dust ~ Igas- For the X-ray spectrum we have fitted 
a thermal spectrum cx exp{-E/kTx) which is normally 
used to fit observed spectra toward star-forming regions. 

Fig. n shows some model results for AFGL 2591 with 
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Figure 1. Depth dependent fractional abundances ofCN, 
CH~^, CO^ and S0~^. The solid line corresponds to 
the model without any high energy radiation. The long- 
dashed line is the model without X-rays but with an inner 
FUV field, the dashed line represents Lx = 10^*^ ergs~~^, 
the dotted line Lx = 10'^^ erg s^^ and the dash-dotted 
erg s' 



line Lx = 10^2 "---1 



different X-ray luminosities for a plasma temperature of 
10^ K. Similar to the results of Stauber et al. (2004a) 
where the impact of an inner FUV field has been stud- 
ied, the abundances of many ions and radicals are en- 
hanced by several orders of magnitude. The main dif- 
ference between the FUV and X-ray models is that X- 
rays can penetrate deeper into the envelope and affect 
the gas-phase chemistry even at large distances from the 
source. Whereas the FUV enhanced species cover a re- 
gion of 200-300 AU into the cloud, the enhanced re- 
gion through X-rays is ~ llOOAU in our models. The 
reason for this are the small cross-sections for X-rays, 
which become smaller the harder the X-ray photons. 
Species that are enhanced by X-rays are among others 
CH, CN, HCN, CH2CN, SO, CH+, CO+ and SO+. 



3. OBSERVATIONS 



In addition to our theoretical models we are also search- 
ing for observational X-ray and FUV tracers near deeply 
embedded objects. We have carried out a survey of the 
rotational 3-2 ti-ansitions of CN, NO, CO+ and SO+ to- 
ward a sample of 1 1 sources - both high- and low-mass 
- with the James Clerk Maxwell Telescope on Mauna 
Kea, Hawaii. These high-J transitions probe uniquely the 
dense gas close to the protostar and filter out the lower 
density material. CN and NO are detected in all observed 
sources, but CO+ and SO+ only toward the high-mass 
YSOs (see also Stauber et al. 2004b). CO+ is tentatively 
seen toward one low-mass source, IRAS 16293. Fig. H 
shows the first detections of CO+ and SO+ toward AFGL 
2591. 
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Figure 2. The 3-2 transition of CO^ at 353.741 GHz 
and S0+ at 347.740GHz observed toward AFGL 2591 
in 2004 with the JCMT. 



4. FUTURE OBSERVATIONS 



Our models have shown that hydrides like CH or CH"*" 
are enhanced due to either inner FUV fields (Stauber et al. 
2004a) or due to X-ray emission from the central source 
(Stauber et al., in prep.). However, these lines are not 
observable with ground based telescopes and are there- 
fore candidates for Herschel-HIFI observations. In order 
to constrain the size and geometry of the emitting region 
of ions like CO+ or SO+ the high angular resolution and 
sensitivity of ALMA are needed. It will then be possi- 
ble to make precise estimates of the X-ray and FUV flux 
and maps will reveal whether the emission is really con- 
centrated in the surrounding envelope or whether it is in 
the outflow cones or even in the protostellar disk. For 
example, the 0. 1 arcsec beam of ALMA represents a res- 
olution of '-200AU toward AFGL 2591 which should 
be sufficient to resolve the different regions. Such obser- 
vations will provide new and important information about 
the evolution of the surroundings of young stellar objects. 
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